Boston to Bermuda in August 2012 using a high-volume air sampler. Aerosol samples were 26 analyzed for organic and elemental carbon (OC/EC), low molecular weight dicarboxylic acids 27 and related compounds, lipid class compounds (n-alkanes, fatty acids and fatty alcohols), 28 sugars and various secondary organic aerosol (SOA) tracers. Homologous series (C2-C12) of 29 dicarboxylic acids (31-335 ng/m 3 ) were detected with a predominance of oxalic acid. Diacids 30 were found to be the most abundant compound class followed by monoterpene-SOA tracers > 31 isoprene-SOA tracers > sugars > oxoacids > fatty alcohols > fatty acids > α-dicarbonyls > 32 aromatic acids > n-alkanes. The concentrations of these compounds were higher in the coastal 33 site and decreased towards the open ocean. However, the abundance of diacids stayed 34 relatively high even in the remote ocean. Interestingly, contributions of oxalic acid to total 35 aerosol carbon increased from the coast (2.3%) to the open ocean (5.6%) near Bermuda. 36
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Introduction
Figure 4 presents a representative GC/MS trace (TIC chromatogram) of total extracts 168 that were derivatized with BSTFA reagent. We detected various compound classes including 169 sugar compounds, carboxylic acids, fatty alcohols, n-alkanes as well as secondary organic 170 aerosol (SOA) tracers derived by the photochemical oxidation of isoprene and monoterpenes. 171
Sugars including levoglucosan, arabitol, mannitol, inositol, glucose, fructose, sucrose, 172 trehalose and erythritol were detected in the aerosols along the cruise track. The concentration 173 of total sugars ranged from 0.2 to 55 ng/m 3 (av. 16.7 ng/m 3 ). Concentrations in the continental 174 samples were 47 times higher than the marine samples, consistent with a terrestrial/continental 175 origin ( Figure 4 ). Sugars are released from soil particles, plants, animals and fungal spores 176 (Lewis and Smith, 1967; Simoneit et al., 2004; Bauer et al., 2008) . components of marine aerosols with a source similar to arabitol and mannitol (Chen et al., 180 2013; Zhu et al., 2015) . Concentrations of sucrose, glucose and fructose ranged from 0.01 to 181 8.7 ng/m 3 (av. 1.9 ng/m 3 ), 0.06 to 13.2 ng/m 3 (av. 4.2 ng/m 3 ), and 0.04 to 5.0 ng/m 3 (av. 1.9 182 ng/m3), respectively. 183
We also detected isoprene-SOA tracers including 2-methylglyceric acid, 2-184 methylthreitol, 2-methylerythritol, three C5-alkene triols (cis-2-methyl-1,3,4-trihydroxy-1-185 butene, 3-methyl-2,3,4-trihydroxy-1-butene and trans-2-methyl-1,3,4-trihydroxy-1-butene) as 186 well as monoterpenes-SOA tracers including pinonic acid, pinic acid and 3-hydroxyglutaric 187 acid. These SOA-tracers have been reported in ambient aerosols from various sites in the 188 continents and oceans (e.g., Claeys et al., 2007; Fu et al., 2013; Fu et al., 2014) . Concentrations 189 of isoprene-and monoterpenes-SOA tracers are given in Table 2 . Their concentrations8
2). 193
Aromatic acids (benzoic acid and o-, m-and p-phthalic acids) were detected in the 194 marine aerosols. Their concentrations are higher near the continents but very low in the remote 195 marine aerosols (Table 2 ). Polyacids such as DL-tartaric and citric acids were also detected as 196 well as phthalate esters including di-(2-ethylhexyl) and di-n-butyl phthalates. Their 197 concentrations are relatively low although they significantly decrease in the remote marine 198 aerosols (Table 2) . 199
A series of long chain n-fatty acids (C12-C32, 0.0-12 ng/m 3 , av. 6 ng/m 3 ) were detected 200 in the samples studied, with the predominance of palmitic acid (C16), followed by montanic 201 acid (C28) and behenic acid (C22). Fatty acids are derived from variety of sources; strong even-202 to-odd carbon preference is an indication for their biogenic sources including bacteria, algae, 203 fungi and epicuticular waxes of vascular plants (Simoneit, 1989; Rogge et al., 1993) . 204
Normal chain fatty alcohols (C12-C32, 0.0-12 ng/m 3 ) were also detected in the aerosols 205 along the cruise track. Among the detected fatty alcohols, C26 was the dominant species. It is of 206 interest to note that only fatty alcohols having even carbon numbers were detected in the 207 current study. Fatty alcohols with carbon number <C20 are released from soil microbes and 208 marine biota, while fatty alcohols >C24 are released from terrestrial higher plants (Fu et al., 209 2013) . 210
Homologous series of normal alkanes (C22-C33) were detected during the study. 211
Concentrations of n-alkanes ranged from 0.15 to 3.4 ng/m 3 (av. 1.6 ng/m 3 ). The predominance 212 of odd carbon number n-alkanes (C27, C29 and C31) has frequently been used as indicators for 213 the terrestrial origin (Bray and Evans, 1961; Eglinton et al., 1962; Eglinton and Hamilton, 1963, 214 Caldicott and Eglinton, 1973) . In the samples reported here, C29 was the most abundant n-215 alkane. The molecular distribution suggests that n-alkanes are derived from terrestrial higher 216 plant waxes. The carbon preference index (CPI, a measure of the odd carbon dominance) for 217 higher molecular weight (HMW) n-alkanes (C22-C33) ranged from 1.0 to 4.6 (av. 2.8). These 218 values are slightly lower than those reported from Chichijima island (av. 4.5) in the western 219
North Pacific (Fu et al., 1997) , but higher than those reported for urban aerosols from Chinese 220 cities (av. 1.3) (Fu et al., 1997) and Tokyo aerosols (av. 1.5) (Kawamura, 1995) . The CPIcombustion (Fu et al., 2014) , were not detected in the aerosol samples, whereas phthalate esters 227 that are used as plasticizers were present as stated above. Biogenic VOCs are emitted in the 228 summer from terrestrial vegetation and are photochemically oxidized to form SOA in the 229 continental atmosphere and during long-range atmospheric transport to the open ocean. 230
Although atmospheric concentrations of all the aerosol components were higher in the coastal 231 samples than the remote marine samples, the ratio of coastal to remote marine concentrations 232 varied by compound classes (Table 2) . 233 234 Table 3 presents isotopic compositions of major diacids in the marine aerosols from the 236 western North Atlantic. Oxalic acid showed the largest value (av. -16.0‰) followed by glutaric 237 (-19.3‰), malonic (-21.6‰) and succinic acid (-26.3 ‰) . The larger δ 13 C value of oxalic acid 238 than malonic and succinic acids have been reported for the remote marine aerosols from the 239 Pacific Ocean (Wang and Kawamura, 2006) , suburban aerosols from Sapporo, Japan 240 (Aggarwal and Kawamura, 2008) and urban aerosols from India (Pavuluri et al., 2011) . 241
Stable carbon isotopic composition of diacids and total carbon in marine aerosols 235
Concentrations of total carbon (TC) for the remote aerosol samples ranged from 0.3 to 242 2.2 µg m -3 (av. 1.2 µg m -3 ) with the highest value off the coast of Boston (sample # 1, Table 3 ). 243
The average TC concentrations in the marine aerosols are higher than the levels reported for 244 (Table 3) , supporting a significant atmospheric transport 248 of continentally derived organics over the remote marine atmosphere (Hoque et al., 2015) . The
Discussion 251

Dicarboxylic acids and related compounds 252
Oxalic acid (C2) is an end product of oxidative degradation of various organics 253 including longer chain diacids, oxoacids and α-dicarbonyls before the production of CO2 (e.g., 254
Sempéré and Kawamura, 2003; Bikkina et al., 2014; Hoque et al., 2016) . The predominance of 255 C2 in all the marine aerosol samples studied suggests that organic aerosols in the Atlantic 256
Ocean are photochemically processed. This inference is supported by higher abundances of C3 257 over C4. C3/C4 ratio has been used to discuss photochemical aging of organic aerosols (e.g., 258
Kawamura and Ikushima, 1993; Kawamura and Bikkina, 2016) . Interestingly, C3/C4 ratios 259 increased from coastal sample (1.7 for sample #1) to remote marine samples collected near 260
Bermuda (e.g., 4.5 for sample #9) (see Table 1 ), although the mass concentrations of diacids 261 decreased along the cruise track. These results suggest that organic aerosols are 262 photochemically more aged in the remote marine atmosphere during long-range atmospheric 263 transport. 264
2 Sugar compounds 265
Sucrose is a significant component of pollen grain and flowering vegetation (Yttri et 266 al., 2007; Zhu et al., 2015) . Glucose and fructose are emitted from terrestrial plant materials 267 such as pollen, fruits and their fragments including plant debris (Speranza et al., 1997; Baker et 268 al., 1998; Pacini, 2000; Medeiros et al., 2006; Zhu et al., 2015) and occasionally from 269 microorganisms and soil dust (Simoneit et al., 2004; Rogge et al., 2007) . It is important to note, 270 however, sugars and proteins together with other organics may be emitted from seawater to the 271 marine boundary layer (MBL) through bubble bursting processes (Facchini et al., 2008; 272 Sempéré et al., 2008; Hoque et al., 2016) . The longitudinal distributions of sucrose 273 demonstrate that land-derived sugars are dispersed in the MBL or scavenged by dry and/or wet 274 deposition during long-range transport in the marine atmosphere ( Figure 5) . 275
Among the sugar alcohols, arabitol and mannitol are major species in fungi (Velez et 276 al., 2007; Di Filippo et al., 2013) . As proposed by Bauer et al. (2008) (OH) radicals with lifetime of 0.7-2.2 days when biomass-burning particles are exposed to 287
1×10
6 molecules cm -3 of OH in summer. 288
Fatty acids, fatty alcohols, and n-alkanes 289
High molecular weight (HMW) fatty acids having carbon numbers ≥24 are primarily 290 derived from terrestrial higher plant waxes, whereas fatty acids having carbon number ≤23 291 may be derived from various sources including vascular plants, microbes and marine 292 phytoplankton (Simoneit and Mazurek, 1982; Rogge et al., 1993; Kawamura et al., 2003) . The 293 atmospheric abundances of even-carbon numbered fatty acids showed higher concentrations in 294 the continental samples than the marine samples. Concentrations of total fatty acids generally 295 decrease from the coast to remote marine aerosols ( Figure 6 ), although low molecular weight 296 fatty acids such as palmitic acid (C16:0) is relatively abundant in Sample #9 (not shown as a 297 figure) . 298
Large quantities of fatty alcohols and fatty acids are emitted to the atmosphere from 299 biomass burning (Simoneit, 2002) . Concentrations of fatty acids and n-alcohols are appreciably 300 higher in the continental samples than marine samples ( Figure 6 ). The high abundances of fatty 301 acids and n-alcohols near the coast are most likely associated with biomass burning that 302 occurred in North America. 303
Variation of organics in the western North Atlantic aerosols 304
Isoprene-SOA tracers such as 2-methylglyceric acid, cis-2-methyl-1, 3,4-trihydroxy-305 1-butene, 3-methyl-2,3,4-trihydroxy-1-butene, trans-2-methyl-1,3,4-trihydroxy-1-butene, and 306 2-methylthreitol were detected in the aerosol samples studied. Concentrations of total isoprene-307 SOA tracers ranged from 0.1 to 43 ng/mremote marine isoprene-SOA tracers was nearly 300 (Table 2) , suggesting a contribution of 309 isoprene from terrestrial higher plants to the formation of secondary organic aerosols via gas-310 to-particle conversion over the ocean. 311
Glyoxylic acid (ωC2), glyoxal (Gly) and methylglyoxal (MeGly) are produced by the 312 photochemical oxidation of isoprene and other VOCs in the atmosphere (Carlton et al., 2006 (Carlton et al., , 313 2009 ). Similar to the isoprene-SOA tracers, concentrations of these products (ωC2, Gly and 314
MeGly) are higher in the coastal samples than remote marine samples by a factor of 2.6, 18.8 315 and 7.6, respectively. This result suggests that isoprene and other VOCs are oxidized and 316 dispersed in the marine atmosphere during long-range transport. 317
In contrast to isoprene-SOA tracers, ωC2, Gly and MeGly, the concentration ratio of 318 diacids in the coastal to remote marine samples is relatively low. Along the cruise track, diacids 319 contributed to 4.5-8.9% (av. 6.2%) of aerosol total carbon (TC), where most common diacids 320 such as oxalic (62% of total diacids), malonic and succinic acids account for 2.3 to 5.6% (av. 321 3.3%). The contribution of diacids to TC increased from the coastal aerosol to the remote 322 marine aerosol samples (Figure 7a ), suggesting photochemical production of diacids in the 323 marine atmosphere during the transport from the continent or additional marine sources. 324
Stable carbon isotopic composition of diacids and aerosol total carbon 325
The δ 13 C of oxalic acid was higher in the remote marine aerosols than those of 326 coastal samples (Figure 7b ). This is a result of the isotopic fractionation that occurs during 327 atmospheric transport. Oxalic acid is photolyzed with a preferential breakdown of its 12 C-12 C 328 over 13 C-12 C bond in the presence of iron and other transition metals (Pavuluri and Kawamura, 329 2012; Kawamura et al., 2014) . Photochemical decomposition of oxalic acid causes an 330 enrichment of 13 C in the remaining oxalic acid in aerosols. The δ 13 C of aerosol TC also was 331 higher in the coastal than the remote marine samples (Figure 7c ). This finding is consistent 332 with an increase in δ 13 C of oxalic acid in the marine aerosols, suggesting that isotopic 333 enrichment of 13 C of oxalic acid may control the bulk δ 13 C values of aerosol TC. 334
The δ 13 C of malonic acid (C3) was isotopically lighter than oxalic acid by 4-8‰ 335 (Table 3) , except for sample #7 and 9 that are characterized as remote marine aerosols by radon 336 and air mass trajectory analyses ( Table 2 ). The δ 13 C of succinic acid (C4) was significantlylower than oxalic acid (C2) and slightly lower than malonic acid. This feature is consistent with 338 the isotopic composition of small diacids reported in the atmospheric aerosols from continental 339 sites in East Asia (Aggarwal et al., 2008; Wang et al., 2012) . However, the δ 13 C of glutaric acid 340 (C5) was greater than those of C3 and C4. This is contrary to previous measurements (e.g., 341
Aggarwal et al., 2008), although there were only two data points in this study (Table 3) . There 342 is a possibility that major portion of glutaric acid is produced by the photochemical oxidation 343 of marine organic matter such as unsaturated fatty acids, whose δ 13 C values are greater than 344 those of terrestrial organic matter (Fang et al., 2002) . More studies of the stable carbon isotopic 345 composition of marine organic aerosols are needed to resolve these differences. 346 347
Summary and Conclusions 348
Marine aerosols collected from the western North Atlantic during the Western 349
Atlantic Climate Study (WACS) were analyzed for low molecular weight diacids and related 350 compounds, lipid class compounds (n-alkanes, fatty acids and fatty alcohols), sugars and 351 various secondary organic aerosol (SOA) tracers. Diacids were the most abundant compound 352 class followed by monoterpene-SOA tracers > isoprene-SOA tracers > sugars > oxoacids > 353 fatty alcohols > fatty acids > α-dicarbonyls > aromatic acids > n-alkanes. Their spatial 354 distributions showed higher concentrations in the continentally influenced samples than the 355 remote marine samples. However, the concentrations of diacids were relatively high even in 356 the remote ocean, suggesting photochemical production of diacids from continental precursors 357 or a marine source. Molecular distributions of water-soluble diacids showed a predominance of 358 oxalic (C2) acid (62% of total diacids detected), which accounted for up to 5.6% of aerosol 359 total carbon. These results show that C2 is a major component of the water-soluble fraction of 360 organic aerosols over the ocean. 361
We found that arabitol and mannitol are strongly correlated (r 2 =0.99) along the 362 cruise track, suggesting their similar source, that is, terrestrial airborne fungal spores. Moreover, 363 trehalose, which is a fungal metabolite, showed strong correlations with arabitol (r 2 =0.99) and 364 mannitol (rthan remote marine samples. The high abundances of fatty acids and n-alcohols near the coast 367 are most likely linked with biomass burning in the North American continent. However, the 368 concentration ratio of coastal to remote marine isoprene-SOA tracers was nearly 300, 369
suggesting an important contribution of isoprene emitted from terrestrial higher plants to the 370 formation of secondary organic aerosols via gas-to-particle conversion over the continent 371 Table 1 . 618 
